Abstract: Current bone tissue engineering strategies aim to grow a tissue similar to native bone by combining cells and biologically active molecules with a scaffold material. In this study, a macroporous scaffold made from the seaweedderived polymer alginate was synthesized and mineralized for cell-based bone tissue engineering applications. Nucleation of a bone-like hydroxyapatite mineral was achieved by incubating the scaffold in modified simulated body fluids (mSBF) for 4 weeks. Analysis using scanning electron microscopy and energy dispersive x-ray analysis indicated growth of a continuous layer of mineral primarily composed of calcium and phosphorous. X-ray diffraction analysis showed peaks associated with hydroxyapatite, the major inorganic constituent of human bone tissue. In addition to the mineral characterization, the ability to control nucleation on the surface, into the bulk of the material, or on the inner pore surfaces of scaffolds was demonstrated. Finally, human MSCs attached and proliferated on the mineralized scaffolds and cell attachment improved when seeding cells on mineral coated alginate scaffolds. This novel alginate-HAP composite material could be used in bone tissue engineering as a scaffold material to deliver cells, and perhaps also biologically active molecules. 
INTRODUCTION
A scaffold material is used in many bone tissue engineering applications as a vehicle to deliver cells and biologically active molecules, with the aim to grow a tissue similar to native bone. General properties that are desirable for the design of tissue engineering scaffolds include biocompatibility with the site of implantation, degradability into nontoxic byproducts, adequate porosity to allow for cell infiltration and diffusion of nutrients and wastes, and vascularization. Other properties that are more specific for the design of bone tissue engineering scaffolds include integration with the developing tissue at the site of implantation, enhanced ''osteoconductivity'' and ''osteoinductivity,'' and mechanical support. [1] [2] [3] [4] [5] Osteoconductivity refers to the ability of a material to serve as a template for bone-forming cells to attach, migrate, grow and form new tissue. Osteoinductivity typically requires the presence of bioactive molecules and/or cells that actively induce bone regeneration.
Natural bone is a composite material containing primarily type I collagen and carbonate-substituted hydroxyapatite (HAP). Due to its osteoconductivity, and similar composition to natural bone, HAP has been used as a coating on metal implants to improve bone bonding 6 and in the fabrication of bone tissue engineering scaffolds. Results of pioneering studies by Kokubo et al. indicated that it is possible to grow nanocrystalline, carbonate-substituted hydroxyapatite minerals similar to bone mineral on a variety of materials using a process that mimics natural biological mineralization. 7 This process involves the use of a solution that approximates the ionic constituents, pH, and temperature of blood plasma often termed simulated body fluids (SBF)-to nucleate and grow mineral on a template material with negatively charged or polar oxygen functional groups. This biomimetic approach has been successfully used by others to nucleate hydroxyapatite minerals on a variety of template materials, including glasses, 8 metals, 6 and polymers. [9] [10] [11] Because the mineral is nucleated from an aqueous solution, this technique can be applied to scaffolds with complex porous geometry, unlike other surface modification methods that are limited to flat surfaces or very thin porous layers, such as plasma spraying, 12 pulsed laser deposition, 13 and electrophoretic deposition. 14 Therefore, this biomimetic process may be particularly advantageous for coating of porous scaffold materials for tissue engineering applications, as demonstrated in recent studies.
In the current study, a macroporous scaffold made from the seaweed-derived polymer alginate was fabricated and mineral-coated using a biomimetic approach. Alginate was chosen as the base material since it presents a large number of pendant carboxylic acid groups, which provide sites for heterogeneous mineral nucleation, as demonstrated in previous studies with other carboxylic acid-containing materials. 9, 17, 18 In addition, alginate has become an attractive material for tissue engineering due to its degradability under normal physiological conditions, mild processing, and low toxicity when purified. Specifically, in vitro studies have shown that cell types such as adipose tissue stromal cells, and osteoblasts can attach, proliferate and show osteogenic activity. [19] [20] [21] [22] It has also been used as a scaffold material in vivo and has shown the ability to support deposition of a calcified matrix. 22 The morphology and composition of the mineral layer on the surface of alginate scaffolds in this study were investigated by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction. The ability of the mineral to support attachment and proliferation of human mesenchymal stem cells (hMSCs) was characterized, as hMSCs are capable of differentiating into cells of a diverse range of tissues, including bone, cartilage, and tendon, 23 and they therefore represent an attractive cell type for orthopedic tissue engineering applications. Finally, the mineralization process was varied to achieve mineral nucleation on the surface or interior of macroporous scaffolds and in samples containing millimeter-scale channels. Results indicate that mineral-coated alginate scaffolds could be an appropriate carrier material for cell-based bone tissue engineering applications.
MATERIALS AND METHODS
Alginate scaffold fabrication and incubation in mSBF Alginic acid sodium salt from brown algae was obtained from Sigma-Aldrich (Milwaukee, WI). Macroporous alginate scaffolds were synthesized as previously reported by Shapiro et al. 24 The three step process consisted of gelation of the alginate solution to form a hydrogel, then freezing, and finally drying by lyophilization. The alginate powder was first mixed with double distilled water to achieve a concentration of 3% (w/v) in a homogenizer at 50,000 rpm for 5 minutes. A 30 mM CaCl 2 solution was added to crosslink the alginate chains. Following the addition of the crosslinker, the alginate solution was mixed again at 50,000 rpm for 5 minutes. The solution was transferred either into a 24 well plate (well dimensions: 16 mm diameter, 20 mm height) or to a 48 well plate (well dimensions: 11.3 mm diameter, 20 mm height) and frozen at À20 C. The solution was freeze dried overnight at low temperature (À60 C) under vacuum (10 lm Hg) to sublimate the ice crystals and develop the pore structure. Resulting scaffolds were cut before mineralization into disks that were between 3 and 7 mm in thickness. 
Material characterization
To assess mineral formation on the material, alginate scaffolds were collected at each time point; day 7, 14, 21, and 28 to determine the change in mass during the course of the experiment. Samples were rinsed at least twice in ddH 2 O to remove residual salts and then were freeze dried overnight in a lyophilizer at low temperature (À60 C) under vacuum (10 lm Hg). The mass was recorded and compared with the initial mass.
Analysis of mineral growth
The morphology and composition of the biomineral grown on the scaffolds was investigated by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). Alginate samples mineralized for 4 weeks were mounted on aluminum stubs and sputter coated with a thin layer (600 Å) of carbon. Samples were imaged under high vacuum using a JEOL JSM-6100 scanning electron microscope operating at 15kV. An EDS detector was used together with the SEM for elemental analysis of the mineral. XRD patterns of the alginate surface of samples incubated in mSBF for 4 weeks were recorded using a General Area Detector Diffraction System (GADDS), with a Histar 2-D area detector (20 < 2y < 40 ) using Cu Ka radiation. The resulting patterns of the samples were identified by computer matching with an International Centre for Diffraction Data (ICDD) powder diffraction database (ICDD card number for hydroxyapatite: 00-001-1008). Mineral composition was assessed with alginate samples incubated for 4 weeks since the coating appeared to be more continuous and dense at that time point.
Biological characterization hMSCs culture on mineralized scaffolds. Alginate scaffolds (diameter ¼ 10.19 6 0.13 mm, thickness ¼ 3.0 6 0.5 mm) were mineralized for 3 weeks, rinsed to eliminate residual salts, dried and sterilized using ethylene oxide gas which has been shown to have a less significant effect on the chemical composition and strength of other calcium-and phosphorous-based minerals than dry heat and autoclaving. 25 Before cell seeding, the scaffolds were soaked in DMEM supplemented with 0.3 g/L CaCO 3 overnight. Human mesenchymal stem cells (hMSCs) purchased from Cambrex (Baltimore, MD) were expanded on tissue culture polystyrene plates according to the protocol provided by the supplier. Before evaluating proliferation of hMSCs on the alginate scaffolds, hMSCs seeded in tissue culture-treated polystyrene were cultured in medium containing 5 mM CaCO 3 or no CaCO 3 supplement for 10 days to evaluate the effect of the calcium supplementation on hMSCs proliferation.
Cells at passage 6 were seeded at a density of 4 Â 10 4 cells/cm 2 on alginate scaffolds with or without the mineral coating and cultured using DMEM containing 15% FBS, and 0.3 g/L CaCO 3 . On day one, the scaffolds were transferred into new 48 well plates and incubated for 21 days. The medium was supplemented with CaCO 3 to maintain dimensional stability of the ionically crosslinked alginate scaffolds, which are compromised in the presence of calcium chelators (e.g., phosphates) and monovalent ions (e.g., Na, K) present in culture. The resulting concentration of calcium ion in the medium was $5 mM, which has been reported to be noncytotoxic to osteoblasts. 35 The medium was renewed daily to maintain a consistent calcium concentration.
Cell proliferation, viability and morphology. Cell viability was analyzed at various time points by staining cells with Calcein AM, which stains green for esterase activity in live cells (Invitrogen, Carlsbad, CA), and imaged on an Olympus IX51 inverted microscope. Metabolic activity of cells on the mineralized alginate scaffolds was assessed using the Cell Titer Blue (CTB) assay kit (Promega, Madison, WI), which measures cellular metabolic activity by measuring the ability of viable cells to reduce a resazurin dye to fluorescent resorufin. Resazurin was added to the samples and incubated for 4 hours as suggested by the manufacturer's protocol. The resulting solution was analyzed for fluorescence with a 560/20 excitation filter and a 590/35nm emission filter using a BioTek Synergy plate reader. The analytical assays were performed in each of the time points (1, 7, 14, and 21) with a sample number of n ¼ 6 and in replicates of 6 wells per sample.
Regulation of mineral nucleation site Surface mineralization. Alginate scaffolds, fabricated with or without 1 mm channels, with and without removing the outer surfaces were incubated at 37 C in modified simulated body fluids (mSBF) for periods of 1, 2, 3, and 4 weeks in continuous rotation using a Thermo Scientific Lab Quake rotator that operates at a speed of 8 rpm.
Interior mineralization. A custom made sample holder was prepared to force the mSBF solution through the pores of the scaffolds to promote mineral nucleation and growth on inner pore surfaces of the alginate scaffolds [ Fig. 8(A,B) ]. The system consisted of two polymer meshes (20 mm outer diameter, 1 mm Â 1 mm mesh), a solid disk with a hollow center (20 mm outside diameter, 8 mm inside diameter), two stainless steel rods (2 mm outside diameter) to connect the mesh-disk-mesh system to the lid of the vial, and a stainless steel tube open on both ends (1.75 mm inside diameter, 2 mm outside diameter) [ Fig. 8(B) ]. The alginate scaffold was held by the solid disk and secured with the polymer meshes to prevent it from slipping out of the solid disk when wet. The stainless steel tube was used for the adjustment of the pressure in the system during rotation to ensure fluid flow. The samples were incubated in 20 mL mSBF for 4 weeks, mSBF solution was renewed daily, and were rotated manually twice a day to allow the movement of the fluid through the sample.
Micro CT image acquisition and analysis
Alginate scaffolds incubated using regular rotation and forced systems were imaged in air using micro-computed tomography (micro-CT; GE Healthcare Explore MS-130 scanner: London, ON, Canada; www.gehealthcare.com). The system settings were 75 kVp and 75 mA with an aluminum filter, and data were acquired with an isotropic voxel size of 16 lm. The scanned images were reconstructed using Houndsfield unit calibration values which were performed with a phantom containing water, air and cortical bone mimic. The reconstructed images were analyzed using Microview 2.1.2 software (www.microview.sourceforge.net).
Statistical analysis
All results are expressed as means 6 standard deviations. Differences between data sets were assessed by an analysis of variance (ANOVA). A p value less than 0.05 was considered significant.
RESULTS

Mineral growth on alginate scaffolds
Incubation of alginate scaffolds in mSBF resulted in significant increases in the scaffold mass suggesting the growth of a mineral layer on the material over time [ Fig. 1(C) ]. The increase in mass was significant among all the time points that were evaluated (p < 0.05 for each group). Between the 1st and 4th week of incubation there is a threefold mass increase. In the control group the change in mass was small and remained relatively constant for the 4 week incubation period [ Fig. 1(D) ]. A qualitative analysis based on SEM micrographs confirmed the continual growth of a mineral layer on the surface of the samples over time [ Fig. 2(A-D) ]. Additionally, lCT data confirmed the formation of a coating in the outer surface of the scaffold [ Fig. 9(A) ]. SEM images showed spherical particles on the surface of the scaffolds after 1 week of incubation [ Fig. 2(A) ]. As the time of incubation increased (t ¼ 2, 3, and 4 weeks) a more continuous layer was formed [ Fig. 2(B-D) ], and a fully continuous layer of mineral was observed on the surface of the scaffolds by 3 weeks. The control group showed no evidence of mineral formation [ Fig. 2(E) ]. The small crystals observed in the control samples correspond to sodium chloride (NaCl), as confirmed by energy dispersive x-ray analysis (data not shown). The mineral nucleated on the alginate scaffolds displayed primarily a spherulitic morphology at the micrometer-scale [ Fig. 2(A-D) ], and a plate-like morphology at the nanometer-scale [ Fig. 2(F) ]. Interestingly, mineral nucleation was observed on the surface of the scaffolds but not in the interior of the macropores [Figs. 2(G) and 3(D)]. SEM micrographs of alginate scaffolds after fabrication exhibit lack of surface pores [ Fig. 3(A,B) ], but when the outer surfaces were removed an open pore structure was observed [ Fig. 3(C) ]. Incubation of alginate scaffolds that had the outer surfaces removed showed no evidence of mineral formation on the inner pore walls [ Fig. 3(D) ].
Biomineral composition and phase
The mineral nucleated on the scaffolds had an elemental composition and diffraction pattern consistent with HAP, Ca 10 (PO 4 ) 6 (OH) 2 , the main inorganic component of natural bone tissue. The EDS profile of the alginate surface after incubation in mSBF for 4 weeks showed Ca and P peaks and a Ca/P ratio of 1.61 [ Fig. 4(A) ]. The stoichiometric value of the Ca to P ratio associated with pure HAP is 1.67.
X-ray diffraction analysis of the 4 week mineral coating on alginate samples revealed characteristic peaks of HAP [ Fig.  4(B) ]. The XRD patterns of the grown layer exhibit broad peaks, which could indicate a smaller crystal size, a more amorphous mineral and the formation of carbonated HAP, which correlates better to bone apatite which is calcium deficient, poorly crystalline, and not a pure form of HAP.
Biological characterization
Human MSCs seeded on tissue culture-treated polystyrene in medium containing either 5 mM CaCO 3 or no CaCO 3 supplement exhibited no significant differences in cell number during a 10 day incubation period (Fig. 5) . The number of cells at day one was 1.8 Â 10 3 6 4.4 Â 10 2 cells for the calcium supplemented group and 1.6 Â 10 3 6 5.4 Â 10 2 for the nonsupplemented group. At day 7 cell numbers for the calcium supplemented group and the nonsupplemented group were 1.8 Â coated group at each time point during the incubation period. In the mineral-coated group, hMSCs showed a wellspread morphology after 14 days of incubation and a rounded morphology at earlier time points [ Fig. 6(E) ]. The number of hMSCs on mineral-coated scaffolds significantly increased at all time points after day 7 [p <0.05 in all groups; Fig. 6(A-D) ]. There was no significant difference between day 1 and day 7 (p ¼ 0.1). However, between day 14 (7 Â 10 4 6 1.0 Â 10 3 cells) and day 21 (1.9 Â 10 5 6 4.2 Â 10 3 cells) the number of hMSCs showed a pronounced increase compared to earlier time points [ Fig.  6(A) ]. In the noncoated group, the increase in cell number at the earlier time points (d1 and d7) was not significant (p ¼ 0.08). As the incubation period increased, cell number significantly increased (p < 0.05, for each group), but did not approach the cell number observed on mineral-coated substrates.
Regulation of mineral nucleation
Mineral could be nucleated and grown on the surface or in the interior of the alginate scaffolds, depending on the material processing conditions. Outer surface mineralization was observed in all experiments performed as confirmed by SEM and l-CT analysis [Figs. 2(A-D), 9(A)]. In scaffolds prepared with 1 mm channels [ Fig. 7(B-D) ], mineral nucleation and growth was also observed on the surface of the inner channels [ Fig. 7(E-G) ] but not within the macroporous interior of the scaffolds. Alginate scaffolds incubated in mSBF using the system designed to ''force'' the mSBF solution into the scaffold interior [ Fig. 8(A) ] showed evidence of mineral FIGURE 2. Qualitative analysis of mineral growth after (A) 1 week, (B) 2 weeks, (C) 3 weeks, (D) 4 weeks, and (E) 4 weeks, control group (mSBF without KH 2 PO 4 ). SEM micrographs show that after 3 weeks a continuous mineral layer is formed. In the control group there is no evidence of mineral formation. (F) Higher magnification of SEM micrograph of mineral nucleated on alginate scaffolds showed primarily a spherulitic morphology but a plate like morphology can be seen as well in the regions pointed by the arrows. (G) SEM micrograph of the interior of a sample that was incubated in mSBF for 4 weeks showed no evidence of mineral nucleation. nucleation and growth on inner pore surfaces as well as outer scaffold surfaces [ Fig. 8(D-E) ]. Elemental analysis of the mineral via energy-dispersive X-ray spectroscopy (EDS) demonstrated the nucleation of a calcium-and phosphorous-based mineral, and SEM fields of view containing noncontinuous mineral had an average Ca/P ratio of 3.3 [ Fig.  8(F) ]. However, it should be noted that SEM and EDS analysis of the mineral formed on the inner pore walls of the scaffolds likely also included calcium-crosslinked alginate, which may contribute to the relatively high Ca/P ratio measured. l-CT analysis demonstrated that the mineral nucleated in the scaffolds exposed to the forced fluid system appeared to be continuous through the thickness of the scaffold [ Fig. 9(C,D) ].
DISCUSSION
Incubation of alginate scaffolds in mSBF resulted in gradual nucleation and growth of a continuous mineral layer with a morphology consistent with hydroxyapatite. The extent of heterogeneous mineral nucleation is enhanced by prolonged incubation periods [ Fig. 2(A-D) ], likely resulting from the interaction between the carboxylic acid groups present in alginate and the ionic constituents in mSBF solution. It has been widely reported that carboxylic acid groups are involved in directing nucleation of calcium-based minerals. 9, 17, 18 There was no evidence of mineral nucleation in our control group [ Fig. 2(E) ], which consisted of samples incubated in a solution that contained calcium ions but did not contain phosphate ions. An additional control experiment in which scaffolds were incubated in mSBF solution with no calcium or phosphate resulted in almost immediate degradation of the scaffolds (data not shown), which is not surprising since the mechanism of alginate degradation involves solubilization via the loss of calcium ions into solution. The HAP mineral nucleated on the alginate scaffolds displayed primarily a spherulitic morphology on the micrometer-scale and a plate-like morphology on the nanometer scale [ Fig. 2(F) ]. The micro-scale spheres exhibit varying diameters, consistent with radial crystal growth initiating at a central seed. 17 Therefore, smaller spheres likely represent crystals that have recently nucleated and the larger spheres represent crystals that have grown for longer periods of time. The plate-like morphology observed on the nanometer scale is similar to the structure of natural bone apatite. 26 The mineral nucleated on alginate scaffolds had a composition consistent with natural bone apatite. The Ca/P ratio of the mineral nucleated on the alginate scaffolds was 1.61 [ Fig. 4(A) ] which is slightly lower than stoichiometric HAP, 1.67. This result is expected, as the approach used for the mineral nucleation is designed to mimic the natural vertebrate biomineralization process. The apatites in vertebrate bone and enamel are not pure hydroxyapatite, they contain other ions, including CO 2À 3 , Cl À , Mg 2þ , Na þ , and K þ . 27 Small amounts of some of these ions (i.e., magnesium, sodium) can substitute for calcium ions in the crystal lattice resulting in a lower Ca/P ratio. 6 Previous studies that have formed HAP coatings via mSBF incubation have similarly shown Ca/ P ratios less than 1.67.
9,28,29 X-ray diffraction spectra indicate that the mineral formed on alginate scaffolds has peaks associated with HAP, and the peaks are broad, which is indicative of poor crystallinity. Previous studies indicate that HAP coatings with lower crystallinity have a better potential for resorption in vivo 30 compared to pure, highly crystalline HAP, which resorbs very slowly if at all. 31, 32 Analysis of the mineral nucleated on the scaffolds was only performed at the longest time of incubation, but we assume the mineral characteristics are similar at all time points. One parameter that could result in a change of mineral characteristics at different time points is the mSBF pH. The pH of the mSBF solution was monitored daily for a period of 4 weeks and even though there were small fluctuations (pH 6.5-6.8) during the process there is no particular trend observed at different times during the process (Supporting Information  Fig. S1 ). In addition, other polymeric materials have been incubated in mSBF in for shorter periods of time and the resulting mineral is a HAP phase consistent with the mineral grown in our current material. 9, 28, 29 Mineral nucleation and growth on the outer surface of alginate scaffolds was more predominant, which can be attributed in part to a transport limitation. During the mSBF incubation process samples were continuously rotating not only to maintain a homogenous ionic distribution but also to promote fluid flow through the pores of the scaffolds, thereby promoting mineral nucleation on the interior pore walls. However, initial experiments demonstrated preferential mineral formation on the outer surface of alginate scaffolds [ Fig. 2(A-D) ], with no mineral nucleation observed on the inner pore walls [ Fig. 2(G) ]. Examination of SEM images of earlier experiments show that while the cross-sections of alginate scaffolds were highly porous [ Fig. 1(B) ], the surfaces of the scaffolds were not highly porous [ Fig. 3(A,B) ]. Therefore, we hypothesized that these ''skin effects'' resulting from the scaffold processing could be contributing to the preferential mineral nucleation on the outer scaffold surface. To address whether ''skin effects'' were indeed influencing the preferred nucleation mechanism, alginate samples were prepared with an additional surface treatment -a physical etching process that removed the outermost surfaces of the scaffold to reveal the porous interior [ Fig.  3(C) ]. Samples with or without this surface treatment were then incubated in mSBF for 4 weeks. No evidence of mineral nucleation was observed in the interior of surfacetreated samples [ Fig. 3(D) ], indicating that the hypothesized ''skin effect'' was not the primary reason for poor mineral nucleation on inner pore walls. Detailed characterization of the porosity of the scaffolds was not performed in this work, but Shapiro et al. and Lin et al. have previously characterized porosity of alginate scaffolds fabricated using the same technique. 19, 24 We further explored preferential mineral nucleation on the outer surface of alginate scaffolds by creating samples with millimeter-scale channels and incubating these scaffolds in mSBF. Mineral coating was observed on the outer scaffold surface and on the inner surfaces of the millimeter scaled channels [ Fig. 7(E-G) ]. Although preferential mineral formation on the exterior surfaces of a scaffold may not be ideal for creation of a true organic-inorganic composite structure, it could be advantageous for applications that would benefit from mineral nucleation only in particular regions within a scaffold. Examples may include tissue engineering at bone-soft tissue interfaces and templated growth of extended, continuous mineral layers.
Importantly, mineral could also be induced to nucleate and grow on inner pore walls of alginate scaffolds in specific experimental conditions. A custom-made system was developed to hold the alginate scaffolds fixed while fluid was forced to flow through the scaffold pores [ Fig. 8(A,B) ] This approach resulted in mineral nucleation on inner pore walls [ Fig. 8(D,E) ]. Elemental analysis of the mineral via EDS analysis showed calcium and phosphorous peaks, with a Ca/P ratio of 3.3 [ Fig. 8(F) ]. The EDS analysis could possibly have detected both the calcium ions from the mineral and also crosslinking calcium ions, which could explain the relatively high Ca/P ratio. Mineral formed on porous materials is often discontinuous through the thickness of the scaffold, but in this study we demonstrate that the mineral nucleation was continuous throughout the thickness of the scaffolds when using the forced fluid system [ Fig. 9(B-D) ] Taken together, these data suggest that preferential mineral nucleation observed on the outer surface of alginate scaffolds was caused by differences in ion concentrations in the interior of scaffolds when compared to the exterior solution due to transport limitations, as forcing fluid through the alginate scaffolds resulted in mineral nucleation throughout the macropores of the material. Other systems, have been successfully developed to achieve uniform 3D coatings such as a filtration system by Segvich et al. which also forces the fluid through scaffolds with macropores (425-600 lm in diameter). 33 Using the system we developed, 3D mineral nucleation is achieved in scaffolds with smaller pores ($200 lm diameter). Human MSCs attached and proliferated when cultured on alginate scaffolds coated with a HAP layer. Cells in contact with the mineral surface first attach, adhere and spread. Morphology of hMSCs in our study exhibit a rounded morphology at earlier time points (day 1 and day 7) but gradually they spread out over the HAP-coated alginate samples and displayed well-spread morphology (day 14 and day 21) consistent with previous literature. 34 The growth rate of hMSCs in this system was slower compared to hMSCs seeded in monolayer cultured on tissue culture-treated polystyrene (Fig. 5) , since by day 7 hMSCS cultured on tissue culture-treated polystyrene underwent three doublings compared to one doubling in the mineral-coated alginate scaffolds group at the same time point. The decreased growth rate in the scaffolds versus tissue culture-treated polystyrene is consistent with a previous study in which murinederived adipose tissue stromal cells (ATSCs) were encapsulated in alginate microcapsules and their cell number doubled between day 1 and day 7, which is similar to our findings. 20 The difference in hMSCs number on mineralcoated versus noncoated scaffolds can be primarily attributed to an enhanced initial cell attachment. Both coated and noncoated alginate groups were seeded with the same total number of cells, but in the mineral-coated group the cell number at day 1 was twice as high when compared to the noncoated group, and hMSCs on both the coated and noncoated scaffolds underwent 3 doublings during the incubation period. The observed increase in hMSCs attachment is an important advantage of the mineral coating, since cell attachment is important for the survival, proliferation, and differentiation of multiple cell types including bone-forming cells.
Although it has been reported that high calcium concentration (!10 mM) can be cytotoxic to osteoblasts, 35 we observed no negative effect on the morphology, viability and proliferation of hMSCs on HAP surfaces in medium containing 5 mM calcium when compared to typical hMSCs culture (Fig. 5) . Slightly elevated Ca 2þ concentrations (2-6 mM) have been shown to stimulate osteoblast proliferation, higher concentrations (6-10 mM) may stimulate differentiation, and Ca 2þ above 10 mM may abrogate osteoblast survival. 35 Therefore, although this study examined only hMSCs morphology and increases in cell number over time, future studies with these materials may reveal significant effects of calcium on behavior of primary osteoblasts or hMSCs-derived osteoblasts. Other material properties, such as topographical features, may have also influenced the interaction between hMSCs and the mineral layer grown on the alginate scaffold. Surface topography has been shown to influence various activities of osteoblasts and MSCs, such as differentiation, proliferation, and matrix production. [36] [37] [38] Although the current study focused on controlling mineral nucleation and characterizing preliminary stem cell attachment and growth, it is possible that HAP-coated alginate scaffolds may be used to promote osteoinductivity as well as osteoconductivity. Recent studies suggest that HAPbased materials may intrinsically promote ectopic bone formation in vivo, even without inclusion of exogenous cells or growth factors. 39, 40 In addition, our observation that hMSCs attach and proliferate on HAP-coated alginate scaffolds suggests that these materials may serve as appropriate carriers for hMSCs in emerging cell-based bone tissue engineering applications. Indeed, previous studies have demonstrated that HAP substrates may have a positive influence on osteogenic differentiation of hMSCs in vitro 34 and in vivo. [41] [42] [43] Furthermore, the HAP coatings created here may be useful as carriers for delivery of proteins or peptides, such as bone growth factors. Calcium phosphate biomaterials have a high affinity for proteins, and we and others have recently used this binding affinity as a mechanism for sustained protein release from biomaterials. 28, 44 Further studies will be required to demonstrate the ability of these scaffold materials to serve as carriers for cell and protein delivery in osteoinductive bone tissue engineering applications. In this study, we developed macroporous, HAP-coated alginate scaffolds using a biomimetic approach. Mineral growth was observed on the outer surfaces of alginate scaffolds in all processing conditions, and could also be achieved on the inner pore walls of the scaffolds in particular processing conditions. The scaffolds had a mineral phase, composition, and morphology similar to that of vertebrate bone tissue, which suggests that these coatings may interact favorably with bone-forming cells. Preliminary experiments demonstrate that the HAP coatings support attachment and proliferation of hMSCs, which maintain a well-spread morphology similar to their morphology in standard cell culture conditions. Our results suggest that the scaffolds described here may ultimately be used in bone tissue engineering applications as a scaffold material to deliver stem cells, and perhaps also biologically active molecules.
